The association between moisture-related microbial growth (mesophilic fungi and bacteria) within insulated exterior walls and microbial concentrations in the indoor air was studied. The studied apartment buildings with precast concrete external walls were situated in a subarctic zone. Actinomycetes in the insulation layer were found to have increased concentrations in the indoor air. The moisture content of the indoor air significantly affected all measurable airborne concentrations.
Concrete sandwich facade panels have been commonly used in building frameworks in northern Europe since the 1960s. These panels consist of two reinforced concrete panels enclosing a layer of mineral wool thermal insulation (rock or fiberglass wool), essential in the subarctic climate. Mold growth has been reported on the internal concrete core, initiated by the condensation of indoor humidity due to serious panel cracks (3) . In a previous study (16) it was shown that microbial growth is found infrequently in the insulation layer in structures of this type in Finland, but such growth is increased if the external wall is in poor condition. Microbial growth within the exterior walls has seldom been considered a risk factor for indoor air quality (10) . Compared to microbial growth on internal structures, the envelope does not necessarily have similar direct contact with the indoor air. However, if the supply airflow drifts through a contaminated wall structure, it may affect the quality of the indoor air. In the present study, we evaluated whether indoor air quality may be influenced by microbial contamination in the insulation layer of precast concrete external walls.
Test buildings and insulation samples. We studied 50 inhabited apartment buildings, 2 to 38 years in age, with precast concrete sandwich panels as their framework structure. The buildings were situated in the southern coastal area of Finland, in the Turku region (60°50ЈN, 22°05ЈE to 60°39ЈN 22°40ЈE) and in Salo (60°39ЈN, 23°12ЈE). Prior to sampling, the condition of the exterior walls was monitored visually by using five parameters (Table 1 ) with a three-step scale (bad, moderate, good). Insulation samples from the external wall were taken from the whole depth of the insulation layer through boreholes from the outside. The sampled sites of the panel were (i) the central upper edge, (ii) the upper corner, (iii) the side edge of the panel, (iv) below the window, (v) the lower edge, and (vi) the central area. A total of 364 concrete panels were sampled. For the microbiological analysis, a subsample of the insulation sample was suspended in peptone water (1.0 g of peptone, 0.85 g of NaCl, and 0.02% Tween 80 detergent in 1 liter of deionized water), and the concentrations were determined by dilution plating (14) on MEA agar (20.0 g of malt extract, 20.0 g of saccharose, 1.0 g of peptone, 20.0 g of agar, and 0.1 g of chloramphenicol in 1 liter of deionized water) and TYG agar (5.0 g of tryptone, 2.5 g of yeast extract, 1.0 g of glucose, 15.0 g of agar, and 0.5 g of cycloheximide in 1 liter of deionized water). Fungal colonies were counted after 7 days, and bacteria were counted after 10 days of incubation (at 25°C). The results are expressed as CFU per gram of insulation material. The fungal genera were identified microscopically, and bacteria were classified as actinomycetes and other bacteria. Detection limits ranged from 28 to 298 CFU g Ϫ1 . Air samples and environmental data. For air sampling we chose 18 of the original 50 buildings with different degrees of microbial contamination in the insulation. The ventilation system in each building consisted of an exhaust air fan with no mechanical air supply. Apartments with mold damage on the interior surfaces were excluded by visual survey and examination with a surface moisture probe. We sampled 88 dwellings, each two or three times in spring 1997 and from late autumn 1997 to spring 1998. At least one sampling per apartment was performed during the period of snow cover, as is recommended for subarctic areas (17) . Air samples were taken with an Andersen 10-800 impactor (Graseby Andersen, Smyrna, Ga.) on MEA and TYG media. Outdoor samples (0.7 to 1.5 m above ground and Ն4 m from the building) were taken on each sampling day and in each area. If the temperature fell below Ϫ5°C, or in the case of snowfall, outdoor samples were not taken; in the statistical analyses the counts were set at zero. The plates were incubated and analyzed in a manner similar to that used for the insulation samples. Airborne concentrations are given in CFU per cubic meter after positive-hole correction (7) . Before sampling, we advised the inhabitants to avoid activities (5) that might disperse spores into the air. Sources of error were surveyed with a questionnaire (handling of soil, moldy or soiled foodstuffs, organic household waste, or laundry; ventilation by open window; vacuuming and/or dusting; pets; occupation or hobby connected to agriculture or building renovation). Dwellings with caged pets (birds or rodents) were excluded from the sampling. The surveyor assessed the level of cleanliness and the number of potted plants and measured the RH (relative humidity) and temperature with an HM34 meter (Vaisala Oyj, Helsinki, Finland). The moisture content (in grams per cubic meter) was calculated from the RH and temperature using an approximate formula (12) . Daily weather data originated from weather stations in Turku and Salo (Finnish Meteorological Institute, Helsinki, Finland).
Statistics. We compared the microbial indoor air concentrations (actinomycetes, other bacteria, and total fungi) to the insulation contamination in the panel adjacent to the apartment measured. Since the sampling design forms a nested structure with random and repeated effects, and the airborne counts were considered to follow the Poisson distribution, a generalized linear mixed model (GLMM) was applied to the data (9). The fitted model predicts the probabilities that the event studied (indoor concentrations) will occur for covariates (e.g., outdoor concentration) and fixed class variables (e.g., snow cover). The insulation contamination was treated in the modeling as a covariate, not categorized as a treatment and control. Tested variables, both those included in the model and those tested but not improving it, are shown in Table 1 . As insulation covariates, we tested both the maximum concentration of each microbial group in the panel and the maximum concentrations of the samples from the edge areas of the panel. We set concentrations below a detection limit at zero. Akaike's information criteria and the visual fit of the residuals were used as model-fitting criteria (SAS system for mixed models; SAS Institute, Inc., Cary, N.C.). Satterthwaite's approximation was used in determining degrees of freedom, and the TukeyKramer adjustment was used in pairwise comparisons. Analyses were performed with the GLIMMIX macro (SAS system for mixed models; SAS Institute, Inc.) in SAS statistical software (version 6.12; SAS Institute, Inc.). A log-linear model was fitted to test for associations between the occurrences of the most prevalent fungi in the insulation and their occurrences in the indoor air. The analysis was performed with the CATMOD procedure in SAS. An additional analysis with GLMM was carried out for Fungi ref (reformed fungal values) in order to minimize the fungal background. The value was reformed by excluding Penicillium, Cladosporium, basidiomycetes, sterile mycelia, and Fusidium-like colonies from the total count. Of these excluded groups, Penicillium is the main genus found indoors in both damp and normal residences (15) and Cladosporium and basidiospores are the main fungal groups showing a similar periodicity in outdoor and indoor samples in the subarctic zone (6) . Fusidium counts showed an outdoor peak on a few days of our sampling procedure.
Insulation contamination as an indoor air source. The basic statistics for pooled data showed higher Poisson distribution Table 2 ). The counts of other bacteria were also somewhat higher in the test dwellings, but the fungal counts were lower (Table 2 ). These simple comparisons of weighted means did not deal with the various environmental factors and background sources affecting indoor air spores between the different samplings, but we took these factors into account in the modeling. The modeling result showed that actinomycete growth within the building envelope significantly affects the indoor air (Table 3 ; Fig. 1A) . A 10-fold increase in counts in the insulation increased counts in the indoor air 1.2-fold (95% confidence interval [CI], 1.09 to 1.32). According to our estimation, the limit of 10 CFU m Ϫ3 (a guideline value used in Finland to indicate an abnormal occurrence of actinomycetes in a dwelling [11] ) is exceeded with relatively high counts in the insulation, over 10,000 CFU g Ϫ1 . We did not observe a significant indoor air effect of fungal contamination in the insulation, either for total counts or for modified Fungi ref values (Table 4) . A 10-fold increase in Fungi ref in the insulation increased counts in the indoor air, but only 1.0001-fold. The most prominent fungi in the insulation layer occurred in the air of the test apartments somewhat more often than in that of the reference apartments ( Table 5 ). The occurrence of Aureobasidium showed an increase of 17 percentage units between the test and reference dwellings, although the result was statistically only indicative (P ϭ 0.085). However, the proportion of apartments with contaminated insulation was low (16) . Therefore, the number of apartments with considerable insulation contamination, especially by fungi, was low in the data used (Table 2) , which makes it difficult to observe any fungal biocontamination originating from the insulation.
Moisture content and other environmental factors. Factors linked to seasonal environmental changes, such as the moisture content (in grams per cubic meter) of the indoor air or a wintry background (interaction, snow coverage ϫ night frost), affected the counts of all microbial groups (Table 3 and 4). The moisture content was found to be far more useful than the RH, often used as a measure of air moisture. The moisture dependence was especially evident with actinomycetes; when the 
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on October 14, 2017 by guest http://aem.asm.org/ moisture content was below 3.5 g m Ϫ3 , no airborne actinomycetes were observed (Fig. 1B) . At a temperature of 20°C, this means an RH under 20%.
The release of dry actinomycete spores from cultures has been found to increase with a decrease in air humidity (19) . Our results show a contrary trend at low humidities of Ͻ20%. In the northern climate, the indoor RH may fall below 20% for an extended period in the winter. The RH may rise much higher in dwellings with poor ventilation. The increased microbial counts associated with higher humidity may therefore be caused by insufficient ventilation. Low humidity may also interfere in the measurability of spores and bacteria, e.g., in viability (1), electrostatic adhesion (21), and size (for examples, see references 8 and 19). Thus, changes in the humidity may affect not only spore liberation or drift in and through the wall but also spore measurability.
Humidity and wintry conditions also explained the fungal counts, but this is due to a weak outdoor source in winter (Table 4) . A moisture increase of 1 g m Ϫ3 enhanced indoor counts of total fungi 1.34-fold (95% CI, 1.18 to 1.52). The outdoor source, however, was not so notable with actinomycetes and other bacteria (Table 3) .
We did not suspect bacteria other than actinomycetes to have originated from the insulation. The main bacterial sources in dwellings are normally the occupants, and increased levels of bacteria often indicate poor ventilation (18) . As expected, other bacteria found in the insulation layer did not explain the airborne counts (Table 3) . However, the effect of environmental factors (e.g., moisture and pets) in a similar fit analysis validated the applicability of the modeling method. An increase of 1 g of water/m 3 of air enhanced indoor bacterial counts 1.46-fold (95% CI, 1.29 to 1.65).
Building-related factors were of little importance. The only variable to fit in the models was the effect of the deterioration of the elastic joints of the panel on actinomycete concentrations indoors (Table 3 ). The airborne counts were estimated to be higher in apartments without deterioration of elastic panel joints than in those with joints in poor condition. The number of potted plants in the dwelling affected fungal counts (Table  4) . This finding agrees with those of Staib and others (20) . Conclusions. In summary, our study showed that indoor air biocontamination originating from the envelope of precast concrete panel buildings in a subarctic climate is rare. However, the small-sized actinomycete spores do infiltrate from the wall structures. This confirmation is important because actinomycetes have been shown to cause various adverse health effects (4, 13), which are not necessarily associated with spore viability (2) . Fungal contamination, infrequent in the insulation in this specific environment, was not found to affect indoor air. In a different climate or with a different structural design (thinner insulation layer, different ventilation system), buildings of the same type, for instance, those common in eastern Europe, may act differently. Biocontamination from the building envelope should not be ignored in future studies. 
